word count: 250 16 Text only word count: 2999 ABSTRACT 20 Purpose: Descriptive data on the aspects of site specific in vivo tendon strain with varying 21 knee joint angle are non-existent. The present study determines and compares surface and 22 deep layer strain of the patellar tendon during isometric contractions across a range of knee 23 joint angles.
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INTRODUCTION

62
With respect to insertional tendinopathies, a biomechanical mechanism has been put forward 63 termed 'stress shielding' (Orchard et al., 2004) , whereby the posterior patellar tendon is 64 'shielded' from the loading experienced by the anterior tendon. Here it is suggested that the 65 'lack' of loading at the posterior region of the tendon may in fact result in cartilaginous or 66 4 atrophic type changes over time (Rufai et al., 1995; Vogel et al., 1993) . It could also be 67 suggested that as the knee moves through its range of motion, the tendon is differentially 68 exposed to load throughout its cross-section, thus resulting in shear type stressors, causing 69 micro damage which could accumulate to a point where tangible injury to the structure is 70 evident (Riley, 2008) . Previous work on both the Achilles and patellar tendons in cadaveric 71 specimens has shown that differential strain exists in these structures when loaded shear is present in the tendon structure when loaded in vivo. However, to date there is no data 81 on the potential for differential strain in vivo of the patellar tendon over a range of knee 82 angles, something which occurs normally during movement. As the patellar tendon shows a Therefore, the purpose of the current study was to quantify and compare the regional strain 88 patterns (anterior/posterior) of the patellar tendon using a previously described speckle 89 tracking method over a range of knee angles during maximal isometric contractions. It was 90 hypothesised that there would be differences in strain with changing knee angle, and that the 91 5 ratio of anterior to posterior strain would change with knee angle. The information from this 92 study will enable a more realistic and complete understanding of tendon strain behaviour 93 during loading over a range of joint angles, thus informing the development of rehabilitation, 94 training and injury prevention strategies. Prior to any efforts. three maximal isometric conditioning contractions were carried out.
124
Instructions were given to develop the ramped isometric tension from rest to maximal over a 125 period of 3-4 seconds. The mean value of strain from each series of three contractions at each 126 knee angle were used for later analysis. To enable the torque to be synchronised with the 127 ultrasound output, a square wave signal generator was used.
128
The electrical activity of the long head of the biceps femoris (BF) muscle was also measured 129 via electromyography (EMG) to ascertain the level of antagonistic muscle co-contraction 130 during the isometric knee extension efforts (Pearson and Onambele, 2006). This was in turn 131 used to adjust the net knee extension torque to calculate total torque (see below). The long 132 head of the BF has previously been shown to be representative of the hamstrings group 133 (Carolan and Cafarelli, 1985) and the relationship between BF torque and EMG reported to 134 be generally linear (Lippold, 1952) . In brief, the maximal flexion EMG was determined from 135 a series of three knee flexion efforts. Then the root mean square activity corresponding to the 136 peak torque period was analysed over 50 ms epochs and averaged for 1 sec during the plateau 137 7 of the isometric maximal effort, this was carried out at each tested knee angle. This has 138 previously been suggested to be acceptable in terms of signal-to-noise ratio (Hermens et al., Tracking algorithm 149 The algorithm used for tracking the ROI in the grayscale images has been described 150 previously (Pearson et al., 2014). Briefly, a block matching method with normalised cross 151 correlation (NCC) was utilised to determine similarity in the ROI between subsequent frames 152 (images collected from video recorded at 25 Hz from start i.e. resting to maximum 153 contraction force and split into subsequent frames for analysis). Here the ROI were arranged 154 in two layers (Fig 1) , with ROI 1 at 10mm from the patellar pole and the ROI 2 resting inter 155 distance at 30mm. These ROI were then utilised to enable relative movement from the initial 156 start, enabling strain to be determined for each layer region. As previously (Pearson et al.,
highest correlation values. The threshold level of correlation was set to ≥ 0.9. If this value 162 was not reached or exceeded, the ROI was not shifted in the subsequent frame. If a 163 correlation value above the threshold was detected, then the tracking resets the matching Where F1 is the start frame and F2 is the subsequent frame. The value (n, m) represents the 170 image block centre, with the sum being over (i ,j), with (k, l) being the lateral and axial 171 displacements respectively. The normalised cross correlation value (1 to -1, with 1 being the 172 best match) is represented by ρ nm(k. l). The algorithm calculates this based on the two 173 regions of interest (R1 and R2), (Fig 1) , which are tracked from the first to the last frame, with 174 the determined differences between the two ROI recorded up to maximum (100% MVC). 
208
The interaction of knee angle with region was also seen to be significant (p < 0.05; F(1.83, 209 16.50) = 24.40; 2 = 0.73; power = 1), indicating differential strain by region at different 210 knee angles . This was reflected in the strain ratios determined below.
211
[ Figure 2 near here] 212 Regional strain ratios 213 The anterior region was found to exhibit significantly higher strain values than the posterior 214 region at all angles of flexion 90 0 (7.76% ± 0.89 vs. 5.06% ± 0.76, t (9) = 10.78, p < 0.001, r 215 = 0.96), 70 0 (4.77% ± 0.66 vs. 3.75% ± 0.38 t(9) = 3.10, p = 0.013, r = 0.71), and 50 0 216 (3.74% ± 0.37 vs. 2.90% ± 0.25, (t(9) = 6.40, p < 0.001, r = 0.90) apart from 30 0 (2.84% ± 217 0.53 vs. 2.57% ± 0.31, p =0.84, r = 0.54) ( Figure 2) . Moreover, the magnitude of differences 218 in strain between the anterior and posterior regions (anterior-to-posterior strain ratio) was 219 greatest at 90 0 and lowest at 30 0 , with the regional values being very similar at 30 0 knee 220 flexion ( Figure 3 ).
221
To account for differences in MVC force with change in knee angle, a standardised force To the authors knowledge this is the first study to report in vivo differential longitudinal 235 strain in the patellar tendon with change in knee joint angle. The study examined the regional 236 strain patterns of the patellar tendon during ramped isometric maximal contractions, over a 237 range of knee joint angles. It was hypothesised that there would be differential intra-238 tendinous strain patterns, as well as variations in the anterior-to-posterior strain ratio with 239 changes in knee joint angle. The findings of the present study have confirmed these 240 hypotheses.
241
Tensile strain was found to be significantly greater (p< 0.05) in the anterior region than the 242 corresponding posterior region at the knee joint angles of 90 0 , 70 0 and 50 0 . In addition, the changes on the intrinsic elements of the tendon resulting in differential regional strain as seen 295 here. In addition, the notion that the turning moment of the patella increases with increased 296 knee flexion is supported by the study of Ward et al. (2012) . Here, fluoroscopic images 297 showed an increase in the patella flexion angle with increased knee flexion such that the pull 298 of the quadriceps against the patella becomes more angular to the patellar tendon (see figure 299 5 for illustration). One could thus envisage how this turning moment (action to lift the patella 300 bone away from the patellar tendon as it glides around the intercondylar fossa of the femur), 301 would generate more strain at the anterior aspect of the patellar tendon.
302
[ Figure 5 near here] 303
The regional strain patterns observed in the present study are indeed indicative of shear stress 304 within the patellar tendon during applied loading conditions, which is greatly implicated in relationships to longitudinal regional strain to be made.
320
Practical applications: 321 The findings here indicate that shear strain of the patellar tendon increases with increased 322 knee flexion angle. Hence to enable a progressive return to play in sport where tendon injury 323 has occurred it is recommended to begin loading with a reduced knee flexion angle and In conclusion, we have shown that by varying the knee flexion angle we not only observe 329 changes in absolute patellar tendon strain, but that the ratio between anterior and posterior 330 tendon strain is also altered. The understanding that shear inducing difference between the 331 surface and deep layers of the tendon occur differentially with knee angle may have 332 implications for practices to help prevent tendon related injury and also aid targeted 333 rehabilitation strategies.
334
The authors wish to acknowledge potential limitations with the current methodology, such 335 that ROI identification and hence strain patterns during subsequent loading may be affected 336 by out of plane movement. However using the current technology it is not possible to assess 337 this effectively. We also acknowledge that the work presented here is in 2D and that future 338 work would aim to extend this to a 3D scenario to detail further the characteristics of tendon 339 strain under loading. 
